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Abstract 
The osmotic and activity coefficients and vapor pressures of binary mixtures containing the alcohol 1-propanol and 
the ionic liquids 1-ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide, C2MpyNTf2, 1-propyl-3-
methylpyridinium bis(trifluoromethylsulfonyl)imide, C3MpyNTf2, 1-butyl-3-methylpyridinium 
bis(trifluoromethylsulfonyl)imide, C4MpyNTf2 and 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 
C4MpyrNTf2 were determined at T = 323.15 K using the vapor pressure osmometry technique. The experimental 
osmotic coefficients were correlated using the Extended Pitzer model of Archer obtaining standard deviations lower 
than 0.060. The mean molal activity coefficients and the excess Gibbs free energy for the studied mixtures were 
calculated from the parameters of the Extended Pitzer model of Archer. From the experimental determination, the 
influence of the alkyl-side chain of the cation and of the cation itself on the osmotic and activity coefficients and on 
the vapor pressures can be analyzed. 
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1. Introduction 
The increasing presence of ionic liquids (ILs) in different processes requires a deeper knowledge about 
the nonideality of these mixtures, especially about their thermodynamic behavior. The osmotic and 
activity coefficients are also of great interest to evaluate the capabilities of usual thermodynamic tools. 
 
The vapor pressure osmometry (VPO) is a technique that allows obtaining very reliable experimental 
data using small amounts of sample. In addition, this technique is less time-consuming than other 
techniques used for vapor-liquid equilibria. 
 
In this work, osmotic and activity coefficients and vapor pressures of binary systems containing the 
primary alcohol 1-propanol and 1-alkyl-3-methylpyridinium ionic liquids, CnMpy+ with n= 2,3,4, and the 
ionic liquid 1,1-butylmethylpyridinium, C4Mpyr+, all of them with the anion 
bis(trifluoromethylsulfonyl)imide, NTf2-, have been determined at T = 323.15 K using the vapor pressure 
osmometry technique. 
 
2. Experimental 
2.1. Chemicals 
The ionic liquids used in this work were supplied by Iolitec GmbH (Germany) with a purity higher 
than 0.98 by mass. Always before the measurements, the ionic liquids are purified to reduce the water 
content and volatile compounds to negligible values by subjecting them to vacuum (p = 2·10-1 Pa) at 
moderate temperature (T = 323.15 K). Ionic liquids were kept in bottles under argon atmosphere. 
 
The alcohol 1-propanol (AnalaR Nomapur) was acquired from VWR with a purity of 0.999 mass 
fraction. It was degassed ultrasonically and dried over molecular sieves type 4·10-10 m, supplied by 
Aldrich, and kept in an inert argon atmosphere to avoid moisture. After checking its density, it was used 
without further purification.  
 
2.2. Apparatus and procedure 
The preparation of all the binary mixtures studied in this work was performed using a Mettler AX-205 
Delta Range balance with an uncertainty of ±3·10-4 g. All samples were prepared immediately prior to 
measurements into bottles inside a glove box under inert atmosphere to avoid variations in composition. 
Afterwards, the mixtures were magnetically stirred to ensure a complete mixing of both components. 
 
A Knauer K-7000 vapor pressure osmometer (VPO) with a temperature control of r 0.01 K was used 
to perform the measurements of vapor pressure osmometry. With this technique, the solution and the 
solvent droplets are placed directly on two thermistors arranged in a Wheatstone bridge circuit so that the 
temperature increase can be measured very accurately as a function of the output voltage. It is worth 
mentioning that special care was taken to keep the drop size and shape as constant as possible and equal 
on both thermistors. The uncertainty in the output of the instrument was r 1:. 
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3. Results and discussion 
From the measured quantity 'R, the osmotic coefficients, I as a function of molality, m, can be 
calculated using the following relation, 
 
    QIm = k 'R      (1) 
 
where Q is the number of ions into which the electrolyte dissociates, which in the case of the studied ionic 
liquids is 2, and k is the calibration factor. 
 
From the obtained osmotic coefficients (equation 1), the activity coefficients, and from them the vapor 
pressures, can be calculated using the following equations: 
 
    I = -ln as / Qm Ms     (2) 
 
   ln as = ln (p/p*) + (Bs-Vs*) (p-p*) / RT    (3) 
 
where as is the activity of the solvent, Ms is the molecular weight of the solvent, T is the absolute 
temperature, R is the universal gas constant, p is the vapor pressure of the solution, and p* is the vapor 
pressure of the pure solvent, estimated with the Antoine equation. Bs and Vs* are the second virial 
coefficient and molar volume of the pure solvent, respectively. 
 
The experimental osmotic coefficients are plotted in Figure 1 and the obtained osmotic and activity 
coefficients along with the vapor pressures are summarized in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental osmotic coefficients, I, plotted against molality of the studied binary mixtures 1- 2MpyNTf2, 
(U) C3MpyNTf2, (ƻ) C4MpyNTf2, and (ƽ) C4MpyrNTf2 at T = 323.15 K. Solid line (): Extended Pitzer model of Archer 
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Table 1. Osmotic coefficients, I, activities, a, and vapor pressures, p, of the binary mixtures 1-propanol (1) + IL (2) at T = 323.15 K 
 
m / (mol·kg-1) I a p / kPa  m / (mol·kg-1) I a p / kPa 
1-Propanol (1) + C2MpyNTf2 (2)  1-Propanol (1) + C3MpyNTf2 (2) 
0.0291 0.924 0.997 12.06  0.0279 0.943 0.997 12.06 
0.0485 0.788 0.995 12.05  0.0456 0.826 0.995 12.05 
0.0836 0.704 0.993 12.02  0.0782 0.699 0.993 12.02 
0.1040 0.680 0.992 12.00  0.0966 0.651 0.992 12.01 
0.2111 0.570 0.986 11.93  0.2052 0.553 0.986 11.94 
0.3124 0.496 0.982 11.88  0.2936 0.504 0.982 11.89 
0.4076 0.411 0.980 11.86  0.3902 0.435 0.980 11.86 
0.5148 0.354 0.978 11.84  0.5073 0.363 0.978 11.84 
0.8269 0.297 0.971 11.75  0.8376 0.294 0.971 11.75 
1.2305 0.237 0.965 11.68  1.2611 0.242 0.964 11.66 
1.5775 0.211 0.961 11.62  1.6556 0.217 0.958 11.59 
2.0592 0.180 0.956 11.57  2.0452 0.196 0.953 11.53 
2.4550 0.161 0.954 11.54  2.4252 0.175 0.950 11.50 
2.8005 0.150 0.951 11.50  2.8247 0.165 0.945 11.44 
     3.3104 0.159 0.939 11.36 
1-Propanol (1) + C4MpyNTf2 (2)  1-Propanol (1) + C4MpyrNTf2 (2) 
0.0318 0.917 0.996 12.06  0.0307 0.912 0.997 12.06 
0.0485 0.780 0.995 12.05  0.0556 0.810 0.995 12.04 
0.0788 0.720 0.993 12.02  0.0866 0.750 0.992 12.01 
0.2157 0.571 0.985 11.92  0.1000 0.707 0.992 12.00 
0.3181 0.487 0.982 11.88  0.2091 0.540 0.987 11.94 
0.4170 0.440 0.978 11.84  0.3035 0.478 0.983 11.89 
0.5270 0.389 0.976 11.81  0.4172 0.395 0.980 11.86 
0.8342 0.324 0.968 11.71  0.5265 0.358 0.978 11.83 
1.2402 0.274 0.960 11.61  0.8302 0.290 0.971 11.75 
1.6303 0.229 0.956 11.57  1.1368 0.254 0.966 11.69 
2.0534 0.203 0.951 11.51  1.4287 0.217 0.963 11.66 
2.4389 0.191 0.946 11.44  1.7513 0.194 0.960 11.61 
2.7680 0.182 0.941 11.39  2.2578 0.170 0.955 11.55 
3.3036 0.174 0.933 11.29  2.6826 0.157 0.951 11.50 
     3.2078 0.138 0.948 11.47 
 
The data related to the pure components on relative permittivities >@, H and on vapor pressures, p*, 
calculated using the Antoine constants [2], and are presented in Table 2. In this table, the calculated 
values of the Debye-Hückel constant, AI, and Bs and Vs* are also summarized. The second virial 
coefficient, Bs, for the different solvents were calculated using the Yen and Woods equation [3] and the 
molar volumes of the pure solvents, Vs*, were calculated using experimental densities previously 
published [4]. The uncertainties for the experimental osmotic coefficients and for the calculated activity 
coefficients were found to be less than r 0.006 and r 0.002, respectively. 
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Table 2. Second Virial Coefficient, Bs, Molar Volume, Vs*, Relative Permittivitya, H, Debye-Hückel Constant, AI, and Vapor 
Pressureb,c, p*, of 1-propanol at T = 323.15 K 
 
Alcohol 103Bs /(m3·mol-1) 105 *sV  /(m
3·mol-1) H AI p* /(kPa) 
1-Propanol -1.72303 7.712 16.97 3.045 12.10 
a Ref. [1] 
b Ref [2] 
c log p* (mmHg) = A-[B/(T (ºC) +C)] 
 
The vapor pressure depression ('p = p* – p) is calculated as the difference between the vapor pressure 
of the pure alcohol and the vapor pressure of the solution; it is a property directly related to the solute-
solvent interactions The obtained values were fitted to a polynomial of the third degree: 
 
           (4) 
 
whose obtained coefficients and correlation factors, R2, are summarized in Table 3. The vapor pressure 
depressions of the binary systems are shown in Figure 2, together with their fitting. 
 
From Figure 2 it can be concluded that 1-propanol presents stronger interactions with the ILs with 
longer alkyl-side chain, and with the pyridinium-based IL instead of the pyrrolidinium-based IL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Vapor pressure depression, 'p, plotted against molality, m, for the binary systems 1- 2MpyNTf2, (U) 
C3MpyNTf2, (ƻ) C4MpyNTf2, and (ƽ) C4MpyrNTf2 at T = 323.15 K. Solid line (): Fitting using equation 4 
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Table 3. Coefficients of Eq. 4 for the studied mixtures together with the correlation factors, R2 
 
Mixture m / (mol · kg-1) b0 b1 b2 b3 R2 
1-Propanol + C2MpyNTf2 0.03 – 2.80 0.0429 0.5688 -0.2551 0.0443 0.993 
1-Propanol + C3MpyNTf2 0.03 – 3.30 0.0447 0.5364 -0.2039 0.0321 0.995 
1-Propanol + C4MpyNTf2 0.03 – 3.30 0.0408 0.5977 -0.2365 0.0385 0.996 
1-Propanol + C4MpyrNTf2 0.03 – 3.20 0.0519 0.4999 -0.1879 0.0280 0.993 
 
The values of the osmotic coefficients decrease as the alkyl-side chain decreases, as observed in Figure 
1, indicating that the ion-ion interactions increase as the alkyl-side chain of the cation of the IL is 
shortened. On the other hand, the ion-ion interactions are stronger in the IL C4MpyrNTf2 than in the 
homologous pyridinium IL (C4MpyNTf2). 
 
4. Thermodynamic modeling: ion-interaction model Extended Pitzer model of Archer 
In the model modified by Archer, the adjustable parameter in the Pitzer model CIis replaced with a 
two-parameter function depending on the ionic strength [5,6]. For a binary 1:1 electrolyte solution, as in 
this case, this model is expressed as follows: 
 
I-1 = fI+ mBI + m2CI,      (5) 
where 
  fI = -AII1/2 / (1 + bI1/2) ,        (6) 
  AI = (1/3)(2SNAds)1/2 (e2 / 4SH0HkT)3/2 ,      (7) 
  BI = E(0) + E (1) exp(-D1I 1/2) + E (2) exp(-D2I 1/2) ,     (8) 
  CI = C (0) + C (1) exp (-D3I 1/2)      (9) 
 
In the above equations, E(0), E(1),E(2),C(0) and C(1) are the ion interaction parameters of the 
extended Pitzer model of Archer, which are dependent on temperature and pressure, AI is the Debye-
Hückel constant in the molal scale, and D1, D2,D3, and b can be adjustable parameters or kept fixed at 
constant values. In this case, according with the results achieved in previous works [7], they were fixed at 
the following values: D1 = 2 kg1/2·mol-1/2, D2 = 7 kg1/2·mol-1/2,D3 = 1 kg1/2·mol-1/2 and b = 3.2. The term I 
is the ionic strength in molality, I = 1/2 6mizi2, where mi is the molality of ith ion and zi is the absolute 
value for ith ionic charge. The calculated values of the Debye-Hückel constants, AI, are presented in Table 
2. 
 
The osmotic coefficients calculated using this model are plotted in Figure 1 together with the 
experimental data, and the obtained adjustable parameters are summarized in Table 4. As it can be 
observed from this table, the obtained standard deviations (calculated using equation 10) are lower than 
0.060, proving a satisfactory fitting of the experimental values. This fact can be visually assessed in 
Figure 1. 
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where z is the corresponding magnitude, ndat is the number of data and p is the number of adjustable 
parameters. 
 
Table 4. Parameters of the extended Pitzer model of Archer for the binary mixtures at T = 323.15 K, together with the obtained 
standard relative deviations, srd 
 
System E E E C( C( srd 
1-Propanol + C2MpyNTf2 0.60466 -1.76332 21.74438 0.00382 -1.08611 0.048 
1-Propanol + C3MpyNTf2 0.56113 -1.66855 21.11287 -0.00113 -0.97345 0.059 
1-Propanol + C4MpyNTf2 0.50875 -1.27567 20.79410 0.00542 -0.92613 0.044 
1-Propanol + C4MpyrNTf2 0.69047 -2.12444 23.62183 -0.00465 -1.18143 0.038 
 
5. Conclusions 
The osmotic coefficients for the binary systems containing the primary alcohol 1-propanol with 1-
alkyl-3-methylpyridinium ionic liquids, CnMpy+ with n= 2,3,4, and the ionic liquid 1,1-
butylmethylpyridinium, C4Mpyr+, all of them with the anion bis(trifluoromethylsulfonyl)imide, NTf2-, 
were determined at T = 323.15 K using the VPO technique. From these experimental data, the activity and 
vapor pressures for the solvents were calculated. 
 
From the obtained results it can be concluded that 1-propanol presents stronger interactions with the 
ILs with longer alkyl-side chain, following the trend C4MpyNTf2 > C3MpyNTf2 > C2MpyNTf2 and with 
the pyridinium-based IL instead of the pyrrolidinium-based IL (C4MpyNTf2 > C4MpyrNTf2). Besides, 
ion-ion interactions increase as the alkyl-side chain of the cation of the IL is shortened and they are 
stronger in the IL C4MpyrNTf2 than in the homologous pyridinium IL (C4MpyNTf2). 
 
The Extended Pitzer model of Archer was used to correlate the experimental osmotic coefficients, 
giving very satisfactory results. 
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